Pressure media are one of the most effective deterrents of pressure gradients in diamond-anvil cell (DAC) experiments. The media, however, become less effective with increasing pressure, particularly for solid pressure media. One of the most popular ways of alleviating the increase in pressure gradients in DAC samples is through laser annealing of the sample. We explore the effectiveness of this technique for six common solid pressure media that include: alkali metal halides LiF, NaCl, KCl, CsCl, KBr, as well as amorphous SiO 2 . Pressure gradients are determined through the analysis of the first-order diamond Raman band across the sample before and after annealing the sample with a near-infrared laser to temperatures between ∼2000 and 3000 K. As expected, we find that in the absence of sample chamber geometrical changes and diamond anvil damage, laser annealing reduces pressure gradients, albeit to varying amounts. We find that under ideal conditions, NaCl provides the best deterrent to pressure gradients before and after laser annealing, at least up to pressures of 60 GPa and temperatures between ∼2000 and 3000 K. Amorphous SiO 2 , on the other hand, transforms in to harder crystalline stishovite upon laser annealing at high pressures resulting in increased pressure gradients upon further compression without laser annealing. © 2013 AIP Publishing LLC.
I. INTRODUCTION
Pressure is one of the most important thermodynamic parameters and strictly corresponds to hydrostatic conditions and to reproduce such conditions has been a goal for highpressure experimentalists since the inception of high-pressure research.
1, 2 Such pressures are essential in the exploration of various materials, including fluids and solids, especially as they relate to planetary interiors. One common tool for producing high pressures is the diamond-anvil cell. However, the diamond-anvil cell (DAC) is a device that intrinsically applies a uniaxial load. To alleviate some of the non-hydrostaticity inherent in opposed-anvil designs, samples are embedded in a pressure medium. Ideally, this medium is a fluid [2] [3] [4] [5] [6] (i.e., cryogenically cooled or pressurized gases and liquids), but all of these fluids eventually solidify and become nonhydrostatic to a degree. Alternatively, "soft" solid pressure media are employed which can develop substantial pressure gradients as the pressure is increased. 7, 8 Additionally, annealing the sample with a continuous-wave (CW) infrared laser, while under high pressures, has become a common way to reduce pressure gradients. 7 In this paper, we present a systematic study of several common solid pressure media (e.g., alkali metal halides LiF, NaCl, KCl, CsCl, KBr, and amorphous SiO 2 (a-SiO 2 )) that are currently used in DAC experiments and discuss the effectiveness of laser heating on annealing these samples up to 60 GPa. The data were obtained by the same procedures a) Authors to whom correspondence should be addressed. Electronic addresses: konstantin.glazyrin@gmail.com and kanani.lee@yale.edu for all of the samples, which allows for a direct comparison between the different pressure media. While hydrostaticity is generally considered a function of macro stresses (e.g., pressure gradients and deviatoric stress) and micro stresses (e.g., inter-grain stresses), in this study, we are unable to tease out the various components. Thus, we will measure the pressure gradients that are manifested while our samples are under compression. We also note that while pressure is only properly defined for hydrostatic conditions, in this article we shall use the term "pressure" for stress when there are non-hydrostatic conditions.
II. EXPERIMENTAL METHODS
In order to quantify how effective laser annealing is at reducing pressure gradients in DAC samples, we tested several solid pressure media. Each sample consisted of a pair of foils of pressure media (e.g., LiF, NaCl, KCl, CsCl, KBr, and a-SiO 2 , Table I ) surrounding an Fe 2 O 3 or Pt foil used as a laser absorber for the alkali halides and a-SiO 2 , respectively, each foil <5-7 μm thick (Fig. 1) . The pressure media additionally acted as thermal insulation between the anvils and the heated laser absorber. The sample sandwich was placed in between a pair of low-fluorescence Type Ia diamond anvils with culets 200 μm in diameter and into a 80-100 μm diameter hole at the center of a pre-indented (30-40 μm thick) Re gasket. To minimize water contamination, the pressure media were placed in a furnace at a temperature of ∼400 K before the sample was compressed in the DAC. Although measuring pressure by ruby fluorescence 9 is commonplace, we do not employ ruby in our samples to avoid potential reactions between the ruby and laser absorber and/or pressure medium. We instead measure the Raman signal of diamond 10 to determine pressures using a HORIBA Jobin Yvon LabRAM HR-800 equipped with a 532 nm green laser, 1800 groves/mm grating, 300 μm spectrograph entrance confocal hole and 200 μm slit. As the pressure is determined by the diamond anvil Raman signal, it is imperative that anvils are free from any defects such as scratches or fractures. All Raman measurements were taken at room temperature. Although the use of diamond Raman to measure pressure gradients in DAC samples is not common, we find it can be used effectively to measure pressure gradients.
Upon sample loading, the pressure was increased in increments of ∼10 GPa and measured in a 3 × 3 grid across the center of the sample (resulting in 9 measurement points), careful to stay clear of the gasket edge. Distances between the furthest points are ∼50 μm (Fig. 1) . The location of each pressure measurement remained unchanged throughout each compression step. The pressure was averaged and the standard deviation of the pressure across the sample -an indicator for the macro and micro stresses present and thus hydro- staticity -was determined. The value of the standard deviation yields the level of non-hydrostaticity: the larger the standard deviation, the larger the non-hydrostaticity. At ∼30 and 60 GPa, we laser annealed to temperatures of ∼2000-3000 K by rastering a 100 W near-infrared (1070 nm) fiber laser as measured by spectroradiometry 11 across the sample chamber, three times in increments of 180 s each. Temperatures during annealing fluctuated no more than a few 100 K due to laser absorber distribution throughout the sample chamber. Annealing temperatures for most pressure media tested are lower than their respective melting temperatures, at least where known (Table I) . After each single-sided laser annealing, the pressure was determined via diamond Raman across the sample. Additionally, we use the Raman signal of diamond to characterize pressure across the anvil's entire culet and within the anvil to identify internal fractures within the anvils.
Another common solid pressure medium used in highpressure experiments is MgO. We found, however, that laser annealing often turns to runaway heating and results most often in broken anvils. As such, we have not included MgO in this study.
III. RESULTS

A. LiF
Initial cold compression of the LiF sample resulted in an expected increase in standard deviation ( Fig. 2(a) ). Annealing the sample at ∼30 GPa resulted in a decrease of standard deviation by ∼50%. Post-annealing compression did not appear to significantly alter the standard deviation within the sample chamber. Instead, the standard deviation remained unaltered after the first heating of 180 s at ∼60 GPa, and slightly increased after the second 180 s of annealing, as is shown on the right side of Fig. 2(a) . An increase of the gasket hole diameter was observed during the second 180 s of heating. Additionally, upon opening the DAC, we also observed a crack on the diamond culet surface that most likely emerged during one of the final annealings where we see a slight increase in the pressure standard deviation despite annealing.
B. NaCl
Much like the LiF sample, cold compression of the NaCl sample was accompanied by an increase in the standard deviation, albeit smaller. The standard deviation appears to increase linearly both before and after annealing on compression, with similar slopes (Fig. 2(b) ). Annealing at ∼30 GPa and ∼60 GPa reduces the standard deviation within the sample; standard deviation appears to have decreased and stabilized with additional heating. Neither damage to the diamond anvils nor any gasket changes are observed during the compression and annealing of this sample.
C. KCl
We measure an increase in the standard deviation during the cold compression of the sample containing the KCl pressure medium foils. The first round of annealing at ∼30 GPa significantly reduces the standard deviation within the sample (Fig. 2(c) ). Post-heating compression appears to have slightly decreased the standard deviation within the sample by about half. Heating at ∼60 GPa results in a decrease of the standard deviation as well. As with the NaCl sample, additional 3-min heating intervals appear to decrease the standard deviation and level off within the sample. Neither damage to the diamond anvils nor any gasket alterations are observed during the compression and annealing of this sample.
D. KBr
Standard deviation of the sample with KBr foils increases during cold compression. The pressure, in addition to the standard deviation, decreases during annealing of the sample (Fig. 2(d) ). Post-heating compression appears to result in the decrease of the standard deviation, while annealing at ∼60 GPa appears to first significantly increase the standard deviation within the sample, but to then return it to a value similar to the standard deviation of the sample at ∼60 GPa prior to annealing. As with the LiF sample, an increase in the gasket hole diameter was observed during the second round of laser annealing and a fracture was found in one of the diamonds after the unloading of the sample.
E. CsCl
Cold compression of the CsCl pressure medium sample causes an increase in the standard deviation of the sample (with the greatest increase in standard deviation occurring during the 10-30 GPa increase in pressure) (Fig. 2(e) ). Annealing slightly decreases the standard deviation at both ∼30 GPa and ∼60 GPa; however, the standard deviation does not appear to have significantly changed with heating duration. As the sample is compressed between ∼30 GPa and ∼60 GPa, standard deviation changes minimally. Neither defects of the diamond anvil culets nor any gasket alterations are observed during the compression and annealing of this sample.
F. a-SiO 2
Cold compression of amorphous SiO 2 pressure media foils is accompanied with an increase in the standard deviation of the sample. Annealing at ∼30 GPa significantly reduced the standard deviation within the sample. Post-heating compression significantly increases the standard deviation in the sample to ∼4 GPa, which is ∼33% higher than the next highest standard deviation observed in DACs with any other pressure media that we have tested and may be due to the crystallization of the initially amorphous silica to its highpressure stishovite form. 12 Annealing at ∼60 GPa restores the standard deviation to similar values to those seen after annealing at ∼30 GPa. Additional heating time, both at ∼30 GPa and ∼60 GPa, results in a decrease and eventual leveling off of the standard deviation within the sample, as is evident in Fig. 2(f) .
G. Identification of diamond damage
In a few of our experiments, we damaged the anvils while laser heating at pressure. Diamond damage is common in high-pressure experiments and can occur as complete anvil failure, surface culet scratches, or internal fractures. As the Raman excitation laser travels through the anvil, it is possible to detect internal fractures (while still holding pressure, albeit at a usually reduced value) within an anvil as the diamond's stress state is compromised. Provided the fracture has not propagated in to the culet, the anvil can still withstand high pressures, although precariously. Comparing a clean, unfractured anvil at high pressures (Fig. 3) to a fractured anvil also at high pressures (Figs. 4 and 5) , we find distinct topographical features in the Raman spectra. We find that for all of our anvils under high pressures (>∼10 GPa), the first-order Raman signal of the culet begins at ∼1334 cm −1 , the same value of the anvil that is not under any confining pressure, regardless of pressure. The Raman spectra broadens with increased pressures, such that the edge of the spectrum gives the pressure of the sample attained. 10 Other features include high Raman intensity at the location of internal fractures and could be used in the preliminary identification of fractures in diamond anvils or in cases when simultaneous optical identification is not possible.
The Raman signal of the diamond culet can be used to track expansion and propagation of internal diamond fractures at high pressures. Our study suggests that the first-order Raman signal of the diamond culet, when subjected to high pressures, can be used to extract a wealth of information. For example, we find the stress-strain distribution across the diamond culet, making it possible to measure the magnitude of the stress gradient between the culet edge and sample chamber (Figs. 4 and 5) .
IV. DISCUSSION
We find that in absence of any anomalous behavior induced by laser heating (gasket hole expansion, shift, evolution of diamond cracks) all samples tested experience an increase in their standard deviation of pressure during cold Darker regions denote areas of higher intensity. The gasket hole (sample chamber) and diamond culet are labeled. Note the similarity of the Raman spectra at the middle of the diamond culet, corresponding to the gasket hole, hence the similarity of the corresponding pressures across the interior of the gasket hole.
compression and a reduction in their standard deviation of pressure during initial annealing at ∼30 GPa. Standard deviation of pressure distribution in the sample is reduced with laser heating and becomes stable with additional heating time at ∼30 GPa. Homogenization of pressure inside the sample chamber almost certainly takes place by diffusion-related processes. Although we cannot directly determine deviatoric stresses by our method, we are confident that these same processes also reduce both macro and micro deviatoric stresses within the sample. For the majority of pressure media (LiF, NaCl, KCl, CsCl, and a-SiO 2 ), the standard deviation either increases or remains the same with increasing pressure at room temperature after annealing at ∼30 GPa. On the other hand, KBr behaves differently. We attribute the decrease in standard deviation within the KBr sample to fractures that likely formed during compression and are observed upon quenching. However, this behavior can also be explained in terms of material strength and annealing, which removes FIG. 4 . Pressure variations across the culet at ∼70 GPa, after laser annealing, of an internally fractured anvil. (Top) The diamond anvil first-order Raman spectra, and their relative intensities, across the diamond culet. Note that the full 3D figure is represented by a combination of the individual Raman spectra (same collection time) collected at evenly-spaced points across the culet. We show the Raman spectrum at the edge of diamond culet and emphasize it by black fill color. (Bottom, left) Photomicrograph of the diamond culet and sample as seen through the top diamond. (Bottom, right) 2D intensity map obtained by projecting Raman signal intensity to a Raman shift-distance plane and corresponding pressures. Pressure scale was determined relative to ambient conditions Raman signal collected from the corresponding diamond anvil. Darker regions denote areas of higher intensity. Note the high intensity of the Raman signal in the region of the internal crack, which was incurred during heating. The gasket hole (sample chamber) and diamond culet are labeled. Note the similarity of the Raman spectra at the middle of the diamond culet, hence the similarity of the corresponding pressure, across the interior of the gasket hole.
dislocations as agents of pressure gradients. Indeed, on the micro-scale, dislocations resist material flow and thus prevent homogeneous pressure distribution in the sample chamber. Finally, we find a reduction in the standard deviation of many samples (NaCl, KCl, CsCl, and a-SiO 2 ) following annealing at ∼60 GPa. As at 30 GPa, KBr did not experience a reduction in its standard deviation again likely due to fractures of the diamond anvils and/or gasket expansion observed upon heating at ∼60 GPa. The LiF sample also showed gasket hole expansion and a fracture of the diamond anvils annealed at ∼60 GPa.
Following these results, we rank the solid pressure media that perform the best in terms of minimal pressure gradients without any laser annealing are: NaCl, CsCl, a-SiO 2 , KCl, LiF, and KBr. Note that the last 2 in this ranking exhibited cracks upon quench; however, we do not expect any cracks to have formed on the anvils prior to heating at such low FIG. 5 . A pressure versus depth profile of a pristine diamond anvil at ∼30 GPa (gray circles) and an internally fractured anvil at ∼70 GPa (black circles). The size of the internal fracture found (as denoted by a depth of ∼300 μm) within the internally fractured anvil corresponds to the pressure discontinuity observed. Additionally, we show photomicrographs of the internally fractured anvil made at ambient conditions, namely, the culet surface, top of the fracture, and bottom of the fracture.
pressures (up to ∼30 GPa). It is difficult to pinpoint when the fractures first manifested, but this may be one of the causes of pressure gradients as determined by diamond Raman. Additionally, sample geometry changes may also influence pressure gradients. In order to generalize our results, we mention that values shown in Fig. 2 can be normalized to ∼50 μm, the furthest distance between measured points (see Fig. 1(b) ).
We note that for each of the pressure media investigated, all show a significant drop in pressure gradients with just one heating: up to 50% drop in standard deviation for LiF, NaCl, KCl, and a-SiO 2 . A smaller drop is measured for KBr and CsCl, although the drop in standard deviation is maintained under further cold compression.
In Table I , we list the corresponding room-pressure values for the melting temperature, bulk modulus K, and shear modulus G for the pressure media studied. We find no systematic trends based on these values, except that the large increase in standard deviation in SiO 2 after heating is suggestive of stishovite formation and as stishovite is rather hard (i.e., large K and G) in comparison to the alkali halides, a high standard deviation is expected. Like the rest of the materials studied however, upon laser annealing, this standard deviation is decreased.
If we compare our best solid cold-compressed pressure medium NaCl with other common pressure media such as cold-compressed inert gases, we find, that at 30 GPa, the standard deviations measured in NaCl are comparable to those found in Ar and N 2 , but 5× greater than that found in unannealed samples containing Ne and approximately an order of magnitude greater than those measured in unannealed samples containing He. 4 Our work on solid pressure media was conducted at 2000-3000 K; however, as we show in Fig. 2 , time is nearly as important as temperature, especially for experiments anticipating high pressure-high temperature transitions and for experiments employing lower temperatures. Indeed, the Clapeyron slopes for such transitions can be both positive and negative, and pinpointing them requires precision in terms of pressure, temperature, and annealing duration, until the studied system achieves equilibrium. Additionally, it is important to realize that in a laser heating experiment pressure gradients are only reduced if there is good coupling of the laser with the absorber resulting in high temperatures and good heating of the sample and pressure media. In our experience, pressure media outermost to an absorber were not fully annealed.
Although hydrostaticity is critical in high-pressure experiments, there are other factors that are important to pressure medium choice and include interference of pressure medium signal with that of sample. For example, peak overlap in x-ray diffraction (XRD), Raman or FTIR measurements are undesirable. Likewise, as high-Z (i.e., more electrons) materials diffract better than comparably structured low-Z materials, the pressure medium is chosen to complement the sample such that the pressure medium does not overwhelm the signal of the sample. Phase transitions within a pressure medium are also an important factor in choosing pressure media. For example, the B1 → B2 phase transition in NaCl occurs at ∼29 (±3) GPa (e.g., Refs. 13 and 14), whereas the same transition occurs at ∼2 GPa for KCl and KBr. 15 Sample reactivity with the pressure medium is also of crucial concern, especially at elevated temperatures where barriers to chemical reactions can be overcome. Additionally, materials with high melting temperatures help to prevent sample movement during experiments, thus minimizing geometrical changes in the gasket hole. Thus, with steadily expanding temperatures and pressures achievable by the diamond-anvil cell technique, it is crucial to have pressure media offering acceptable hydrostatic conditions based on these considerations.
V. CONCLUSIONS
As expected, our study shows that undesirable stresses around the sample are, in general, significantly reduced after laser annealing the sample. One may not assume, however, that heating always reduces these gradients because diamondanvil fractures and changes in the size of the gasket hole can significantly increase these gradients. In the absence of these two sources of error, we also find that heating the sample multiple times further minimizes the pressure gradients as we show for common solid pressure media, namely LiF, NaCl, KCl, CsCl, KBr, as well as amorphous SiO 2 . Finally we emphasize the importance of time and annealing temperatures for minimization of pressure gradients inside the diamond anvil cell sample chamber.
